Bacterial cells, including Escherichia coli and Bacillus subtilis, continuously elongate and divide. Although the cell width is maintained during cell cycle, the molecular mechanisms involved in its regulation remain unknown. MreB has been implicated to play a role in maintaining cell width. Several point mutations in mreB that affect cell width have been identified. The MreB protein forms clusters or polymers in the cell and moves along annular tracks perpendicular to the long axis. This rotation is coupled with peptidoglycan synthesis. Here, we focused on two MreB mutants,
| INTRODUCTION
The Gram-negative bacterium Escherichia coli is rod-shaped with a central cylinder and polar caps, and is surrounded by an inner and outer membrane with peptidoglycan (PG) in between (Blaauwen, 2008; Nanninga, 1998) . PG purified from E. coli is rod-shaped, indicating that its proper synthesis is critical for the shape of E. coli cells. The cells of E. coli continuously elongate and divide at midcell. The processes of cell elongation and cell division can be regarded as continuous synthesis and degradation of PG, which are precisely controlled for accurate rod formation. Cell elongation is believed to be regulated by the Rod complex containing MreB actin, whereas cell division is regulated by the divisome complex containing FtsZ tubulin. The MreB protein also regulates cell division, and its overproduction has been shown to inhibit cell division (Wachi & Matsuhashi, 1989) . Additionally, a direct interaction between MreB and FtsZ is required for the transition from cell elongation to cell division (Fenton & Gerdes, 2013) . During cell elongation and cell division, the cell width must be kept constant. Inhibition of cell elongation causes cells to swell and increase in width whereas the inhibition of cell division causes cells to elongate continuously at constant width, resulting in change of cell shape to round and elongated, respectively. This suggests that the Rod complex plays an important role in regulating the cell width. However, the molecular mechanisms regulating cell width remain largely unknown, apart from few evidences that imply a role for MreB in this regulation. Several point mutations in the mreB gene of E. coli, Bacillus subtilis and Caulobacter crescentus have been identified to affect cell width (Dye, Pincus, Fisher, Shapiro, & Theriot, 2011; Formstone & Errington, 2005; Harris & Dye, 2014; Kruse, Møller-Jensen, Løbner-Olesen, & Gerdes, 2003; Shi et al., 2017; Shiomi et al., 2013) .
MreB is structurally and biochemically an actin homologue (Ent, Izoré, Bharat, Johnson, & Löwe, 2014; van den Ent, Amos, & Löwe, 2001 ) that is mainly conserved among rod-shaped bacteria, such as E. coli and B. subtilis. MreB localizes to the central cylinder and forms clusters (Bratton, Shaevitz, Gitai, & Morgenstein, 2018; Colavin, Shi, & Huang, 2018; Kawazura et al., 2017; Ursell et al., 2014) , which moves along annular tracks perpendicular to the long axis in E. coli and B. subtilis (Domínguez-Escobar et al., 2011; Garner et al., 2011; van Teeffelen et al., 2011) . The rotation of MreB in the cytoplasm is coupled with synthesis of PG occurred in the periplasm through a transmembrane protein RodZ (Domínguez-Escobar et al., 2011; Garner et al., 2011; Morgenstein, Nguyen, & Gitai, 2015; van Teeffelen et al., 2011) . MreB forms Rod complex with PG-synthesizing enzymes, such as penicillin-binding proteins (PBPs) (Blaauwen et al., 2008; Zhao, Patel, Helmann, & Dörr, 2017) . Because MreB is a scaffold protein for the Rod complex, deletion of mreB gene or treatment of wild-type (WT) cells with A22, which inhibits assembly of MreB, results in change of cell shape from rod to round (Bean et al., 2009; Doi et al., 1988; Iwai, Nagai, & Wachi, 2002; van den Ent et al., 2014) .
We isolated several mreB mutations, including mreB
A125V
and mreB
A174T
, that suppress the slow growth phenotype of the rodZ deletion mutant (Shiomi et al., 2013) . These mutations also suppress the shape defect of ∆rodZ cells, which are round (Alyahya et al., 2009; Bendezú, Hale, Bernhardt, & Boer, 2009; Shiomi, Sakai, & Niki, 2008) . The suppressor mutants were generally rod-shaped, although some were thinner or thicker than WT cells, even when the rodZ was restored in the suppressor strains. For example, cells producing MreB A125V were thinner, whereas cells producing MreB A174T were thicker than WT cells. The A125 residue of MreB is located at the interface between two MreB filaments (Shiomi et al., 2013; van den Ent et al., 2014) . The MreB A125V self-interacts stronger than MreB in yeast two-hybrid assays, and cells producing MreB A125V were found to be more resistant to A22 than cells producing MreB (Shiomi et al., 2013) . The A174 residue of MreB is located in the phosphate 2 domain, and mutations in this domain generally reduce ATPase activity. Self-interaction of MreB A174T was weaker than that of MreB, and cells producing MreB A174T were more sensitive to A22 compared to cells producing MreB (Shiomi et al., 2013) . However, the mechanism of suppression of ∆rodZ by MreB A174T remains unknown. It is noteworthy that the width of cells producing MreB A125V or MreB A174T was different from that of cells producing MreB. It has been shown that the orientation of MreB polymers correlates with the cell width (Ouzounov et al., 2016; Tropini et al., 2014) , but not with polymer number and polymer size (Ouzounov et al., 2016) . Although cells become thicker by treatment with mecillinam or A22, MreB speed decreased if cells were treated with mecillinam whereas it was not affected by treatment with A22 (Tropini et al., 2014) . Thus, the relation between cell width and rotation of MreB is controversial.
| RESULTS AND DISCUSSION

| Characterizations of cells producing mCherry-tagged MreB
To analyze mechanisms regulating the cell width, we chose two representative mutants, MreB A125V and MreB A174T .
Cells producing either MreB A125V or MreB A174T are thinner and thicker than WT cells, respectively (Shiomi et al., 2013) . Some cells producing MreB A125V were tapered, and some cells producing MreB A174T displayed shape distortions (Shiomi et al., 2013) . To visualize MreB rotation in live cells, we constructed strains producing mCherrytagged MreB mutants (MreB A125V and MreB A174T ). In these strains, mCherry was inserted between G228 and D229 of MreB (denoted as MreB-mCherry SW ) and the mreBmCherry SW mutant genes were expressed from the native mreB locus (Bendezú et al., 2009 ). Growth and morphology of cells producing MreB-mCherry SW were comparable with those of WT cells (Bendezú et al., 2009) . During this project, it was reported that msfGFP does not affect the function of MreB and thus msfGFP is a better choice than mCherry for fusion with MreB (Ouzounov et al., 2016) . Thus, we re-evaluated the effect of fusion of MreB with mCherry by analyzing the length, width and sensitivity to A22 of cells producing MreB mutants tagged with mCherry or untagged (Supporting Information Figures S1 and S2, Table S1 ). Cells producing either MreB A125V or MreB A174T with or without mCherry fusion were longer than their parent strains. Cells producing MreB A125V (DS612)
were thinner than WT cells (DS452), cells producing MreB A125V -mCherry SW (RU603) were thinner than cells producing MreB-mCherry SW (RU597), and DS612 were thinner than RU603. Cells producing either MreB A174T (DS559) or MreB A174T -mCherry SW (DS606) were thicker than DS452 or RU597, respectively. Previously, it was shown that decrease of MreB level resulted in increase of the cell width (Zheng et al., 2016) . However, these two mutations (A125V and A174T) did not affect protein levels of MreB (Shiomi et al., 2013) so that different MreB levels are not the cause of the change in the width. In all cases, the cells producing mCherry-tagged MreB were slightly thicker than the corresponding untagged MreB producing cells. This is consistent with the previous reports that cells producing fluorescent protein-tagged MreB are slightly thicker than cells producing untagged MreB (Billaudeau et al., 2017; Ouzounov et al., 2016 untagged MreB (Supporting Information Figure S2 ). These results were once again consistent with the results with untagged MreB which was reported previously (Shiomi et al., 2013) . Thus, we conclude that fusion of mCherry to MreB had only a marginal effect on MreB function, and thus, we could use the MreB-mCherry SW fusion proteins to analyze the relation between MreB dynamics and cell shape.
| PG synthesis of cells producing MreB mutants
Next, we investigated growth rate of WT and mutant cells. We previously found that growth rate (mass doubling time) of cells producing either MreB A125V or MreB A174T was similar or slightly faster and slower than WT cells, respectively (Shiomi et al., 2013) . This tendency was reproduced in this study and was not changed by the fusion with mCherry (Supporting Information Table S1 ). Then, we examined cell wall synthesis rate of individual WT and mutant cells by time-lapse imaging (Figure 1 ). One would expect that MreB mutations affect cell wall synthesis rate because MreB organizes subcellular localization of PBPs which synthesize PG. To examine this directly, cells were labeled with Alexa Fluor 488 conjugate of wheat germ agglutinin (WGA-488), which specifically binds to PG (the N-acetylglucosamine residues): In fact, wall-less E. coli (L-form) cannot be labeled by WGA-488 . Careful examinations were carried out by Ursell et al. (2014) , and they showed that the labeling pattern of PG by WGA-488 can show the pattern of new PG incorporation. The labeled cells were observed over a time-lapse experiment. When PG synthesis is in progress, the fluorescence decreases, because newly synthesized (unlabeled) PG is inserted into the cells (Figure 1a ; Kawazura et al., 2017; Ursell et al., 2014) . We analyzed intensity of the fluorescence of WGA-488 of each cell per area at indicated times (Figure 1b) . The fluorescence of cells producing MreB A174T decreased more slowly than that of cells producing MreB (Figure 1b) . However, no significant difference was detected between MreB and MreB A125V in this assay although average fluorescence of WGA-488 of cells producing MreB A125V was lower than that of WT cells at all the time point. These results suggest a positive correlation between the cell width and the PG synthesis.
| Relation between the rotation rate of
MreB and the cell width
MreB moves along annular tracks perpendicular to the long axis and the rotation of MreB is stopped by inhibition of PG synthesis, indicating that the rotation is coupled with PG synthesis (Domínguez-Escobar et al., 2011; Garner et al., 2011; van Teeffelen et al., 2011) . Thus, we considered a possibility that MreB rotates faster and slower in thinner and thicker cells, respectively. Before we analyzed the relation between dynamics of MreB and the cell width, we observed the subcellular localization of MreB-mCherry SW and its mutants (Figure 2a,b (Harris & Dye, 2014) . However, the A125V and A174T mutations did not affect the subcellular localization of MreB. Next, we examined the rotation of MreB and calculated the velocity of rotation. We analyzed the rotation of MreB clusters by ImageJ (more than 170 clusters in time Table S1 and Movies S1-S3). Statistical analysis showed that the velocities of MreB A125V and MreB A174T were significantly different from that of MreB, suggesting a correlation between rotation rate of MreB and the cell width. This observation is consistent with previous reports where MreB speed decreased when cells became thicker by treatment with mecillinam (Tropini et al., 2014) . Because MreB rotation is coupled with PG synthesis, the faster rotating MreB mutant should be more active in synthesizing PG (Figures 2 and 3) . Two spatially independent PBPs (aPBPs and bPBPs) are involved in the synthesis of PG. MreB forms Rod complexes with bPBPs and moves along annular tracks perpendicular to the long axis, whereas aPBPs show different motions in the cell, including fast, diffusive motion and slower motion (Cho et al., 2016; Lee, Meng, Shi, & Huang, 2016) . Because PBP1a (aPBP) directly interacts with PBP2 (bPBP) (Banzhaf et al., 2012) , the two complexes interact at least transiently during cell elongation. If MreB rotates faster, the frequency at which these two complexes interact would increase. As a result, PG would be synthesized more efficiently or quickly. When cells are treated with A22, MreB is destabilized and cells become wider and eventually round. It was shown that treatment of cells with A22 did not change the velocity distribution of mobile MreB clusters but reduced the number of mobile clusters per cell area (van Teeffelen et al., 2011) . Consequently, the frequency of interaction between Rod complex and aPBPs would decrease, and hence, the rate of PG synthesis would decrease in cells treated with A22. It was previously shown that MreB rotation enhanced the robustness of the cell wall to facilitate the growth of cells in the presence of PG stress, such as the antibiotic mecillinam, which inhibits PBP2 (Morgenstein et al., 2015) . Thus, we also examined viability of cells on plates containing mecillinam (Supporting Information Figure S2 ). Genes to Cells KURITA eT Al.
We found that cells producing MreB A174T were more sensitive to mecillinam than cells producing MreB or MreB A125V , although no clear difference in sensitivities was observed between cells producing MreB and MreB
A125V
. These data suggest that MreB rotation is related to the robustness of the cell wall. This is consistent with the previous results that, as the cell width increased, the effective cellular stiffness significantly decreased (Zheng et al., 2016) .
| CONCLUSIONS
In this study, we found a positive correlation between the rotation of MreB and the cell width; the faster the MreB rotates, the thinner the cell width is. Previous studies and this study show that differences in the ability of MreB protein to polymerize due to one amino acid mutation of the MreB protein also affect the rotational movement of MreB. We observed that higher polymerization ability (MreB A125V ) was associated with faster rotational speed, and lower polymerization ability (MreB A174T ) showed slower rotational speed.
We also observed that the difference in the speed of this rotational motion affects the synthesis rate of PG, with the faster rotation speed of MreB resulting in faster synthesis rate of PG. The difference in the synthesis rate of PG could affect the structure or rigidity of PG, which could affect the cell width. We should note that it is possible that the correlation observed here is indirect because the limited number of the mutants was analyzed in this study. However, Morgenstein et al. (2015) found that MreB does not rotate in cells lacking rodZ and that those cells are fatter than WT cells, which is consistent with our findings that the rotation rate of MreB affects the cell width. The molecular mechanism of how MreB rotation affects cell width is still unknown. Previously, MreB orientation was found to correlate with cell width, although the mechanism by which MreB polymer angle changes cell width is unclear (Ouzounov et al., 2016) . In the future, the different types of PG structures and their influence on cell width need to be further investigated.
| EXPERIMENTAL PROCEDURES
| Bacterial strains and growth media
All strains are derivatives of E. coli K-12 and are listed in Supporting Information Table S2 . DS452 is a wild-type strain; DS559 and DS612 carry mreB A174T and mreB A125V mutation, respectively (Shiomi et al., 2013) . Cells were grown in L broth (1% Bacto-tryptone, 0.5% yeast extract and 0.5% NaCl) to early log-phase (OD 600 = ~0.3) at 30°C. When necessary, A22 or mecillinam was added to the L plate.
| Strain constructions
Primers used for strain construction are listed in Supporting Information 
| Microscopic observations and analysis for MreB rotation
Cells were grown in L broth to log-phase. 2 μl of this culture was placed on 2% L-agarose pad and observed using an inverted microscope (Axio Observer Z1, Zeiss). Images were processed and analyzed by ZEN (Zeiss) and ImageJ with the plug-in MicrobeJ (Ducret, Quardokus, & Brun, 2016) . To observe rotation of MreB, pictures were taken every 10 s for 2 min and the focus was adjusted by definite focus (Zeiss). Images were processed with ZEN and Photoshop (Adobe). These images were stacked with ImageJ, and motion of MreB clusters was analyzed by ImageJ with the plug-in MTrackJ. We analyzed more than 170 clusters in time lapse in more than 80 cells from at least three independent experiments for each strain.
| Peptidoglycan staining
PG was stained with Alexa Fluor 488 conjugate of wheat germ agglutinin (WGA-488) (Sigma) as previously described (Kawazura et al., 2017; Ursell et al., 2014) . The stained cells were placed on L-agarose pad and observed using an inverted microscope (Axio Observer Z1, Zeiss). Pictures were taken every 10 min, and images were processed by ZEN (Zeiss), Photoshop (Adobe) and ImageJ. Intensity of the fluorescence of each cell per area was calculated using ImageJ. Intensities of the fluorescence at the indicated time were normalized by those at time 0. During the experiments, if a cell divided, all intensities of the fluorescence of the daughter cells were added.
